To investigate the evolution of carbon-and oxygen-containing groups during metamorphism and the influence of the structural variation of coal on its wettability, NMR and XPS were employed to study the two main elements, carbon and oxygen, in coal dust. Our results show that with an increase of the metamorphic degree, the number of highly reactive hydroxyl and carboxyl groups show a descending trend whereas the number of low reactivity ether and carbonyl groups increases. The number of carboncontaining groups gradually increases when the metamorphic degree increases, due to a clustering change process which includes an increase in the number of aromatic carbons (Ar-C, H) and a simultaneous decrease in the number of carboxyl carbons (-COOH), methylene carbons (CH 2 ) and ether based carbons (Ar-O, R-O). The reduction rate of carboxyl carbon (-COOH) is closest to the growth rate of aromatic carbon (Ar-C, H). The methyl (CH 3 ) and carboxyl (C]O) carbon evolve discontinuously with the metamorphic degree, which is different from the other carbon groups. Linearregression analysis suggests that the correlation coefficients between aromatic (Ar-C, H), ether (R-O), methylene (CH 2 ) and carboxyl (-COOH) carbons and wettability are 0.98, 0.97, 0.96 and 0.92, respectively, indicating that the main contribution to the wettability from carbon-containing groups comes from these groups. In contrast, hydroxyl oxygen (-OH) has a correlation coefficient as high as 0.98, and is a major contributor from the oxygen-containing groups.
Introduction
Wettability is one of the most important chemical properties of coal dust. It has very wide applications in areas including coal mine safety, mineral processing, coal chemistry and organic materials. In particular, the importance of wettability is exceptionally prominent in the prevention and control of coal mine dust, 1 since coal dust brings hazards in the following four aspects: (1) long-term dust-exposed personnel are susceptible to pneumoconiosis; (2) under certain conditions, dust explosion accidents might occur; (3) coal dust lowers the visibility of the working site, and thus can easily cause other accidents; (4) coal dust speeds up the wearing of electromechanical equipment and the deterioration of the reliability of precise instruments.
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Currently, worldwide dust prevention technologies primarily include coal seam water infusion, spraying dust-settling and chemical dust suppression. 6, 7 Although these methods reduce the dust concentration on the working face to some extent, their removal rates of respirable dust are still extremely low. This is mainly because current dust removal technologies have not taken the physical and chemical properties (especially the wetting property) of coal dust into consideration. The wettability of coal dust is the theoretical foundation of the suppression of dust using wet methods and is the major reference factor in designing and developing chemical dust suppressors.
For a long time, research on the wettability of coal dust has been restricted to its accurate measurement and macroscopic characterization. By applying methods like sedimentation and thin lm otation to determine the wettability variance of coal dust, 8 the relative wettability of various coal dusts can be observed directly. However, the errors are large. T. Young et al., 9 for the rst time, proposed the concept of the contact angle to describe the solid-liquid-gas interface system and thus quantied the wetting phenomenon and utilized droplet shape analysis to calculate the contact angle between coal dust and liquid. This method quantitatively described the complexity of coal dust wetting and was widely applied to determine coal dust wettability. At the end of last century, researchers from different countries carried out a series of experiments to explore the inuence of structural differences on the wettability of coal dust and elaborated on the structural factors affecting the differences in coal dust wettability. Russell J. Crawford et al. 10 studied the inuence of a series of coal ranks and mineral compositions of coals with different metamorphic degrees on the contact angle. They concluded that the hydrophobicity of the coal surface mainly relies on the ratio of carbon to oxygen (or the coal grade). D. V. Keller et al. 11 studied the contact angle of water on coal dust and pointed out that the major factors inuencing the contact angle were the carbon and mineral content in the coal and the state of surface oxidation. Moreover, J. A. GutierrezRodriguez et al. 12 found that the hydrophobicity of coal dust decreased with the decrease of the coal rank, xed carbon content and total carbon content. Meanwhile, the hydrophobicity also decreased with an increase in the oxygen and hydroxyl content. The coal surfaces fell into three states: strong hydrophobicity, weak hydrophobicity and hydrophilicity. These researchers performed a preliminary exploration of the wetting mechanism for coal dust from the microscopic point of view. However, restricted by past technology, these conclusions obtained could only roughly reveal the major factors that inuence coal wetting. The theory of coal wetting still needs to be supplemented and improved.
In recent years, with the development of modern science and technology, researchers have started to extensively apply advanced and reliable analytical techniques combined with computer analysis techniques to perform in-depth studies of the microstructures of coal and coal products. Arunima Sarkar and Duygu Kocaefe 13 utilized Fourier transform infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS) to analyze the microstructure of coke/pitch and discovered that oxygen-and nitrogen-containing functional groups had relatively positive effects on the wettability of coke/pitch. H. Guo and A. Kantzas 14 applied low eld Nuclear Magnetic Resonance (LF-NMR) to measure the wettability of coal samples of different dimensions and studied the inuence of CO 2 in coals on the wettability of coal samples. H. Chang et al. 15 adopted an electrophoretic technique to analyze the wetting relationship between a series of cationic and zwitterionic surfactants and coal pitch. It is concluded that this kind of wetting behavior results from both electrostatic interactions and van der Waals adsorption.
Although the above researchers used instrumental analysis methods to describe in detail the factors that inuence the wettability of coal and coal products in terms of nitrogen/ oxygen-containing functional groups, the dimensions of coal samples, the CO 2 content in coal and electrostatic interactions, [16] [17] [18] [19] studies concerning relationships between the carbon chain structure on the surface of coal dust, carbon/oxygencontaining functional groups in coals and wettability still lack specicity.
To address this problem, we selected six kinds of coal dust with different metamorphic degrees as examples and used NMR 20, 21 to obtain the distribution of carbon in the molecular structure of coal dust. At the same time, using XPS, 22,23 the binding status of the carbon and oxygen on the surface of the coal dust was obtained and quantitative information regarding hydrophilic groups like carboxyl and hydroxyl groups was claried. Finally, the inuence of the carbon structure and the surface carbon/oxygen-containing functional groups on the wettability of coal dust was analyzed. Therefore, the wettability of coal dust with different metamorphic degrees was microscopically explained from the molecular structure, which will enrich and improve the existing understanding of the coal dust wetting mechanism and will provide ideas for developing novel dust suppressors.
Experimental methods and processes

Selection of samples
There is an extremely close relationship between coal properties and the metamorphic degree and many coals regularly change from lignite to bitumite and later to anthracite. To ensure the representativeness of the coal samples, six coal samples with different coal ranks were selected as the experimental samples as listed in Table 1 .
Industrial analysis and element analysis reveal the properties of coal from different aspects and can be regarded as the references for coal characteristics. Industrial and elemental analysis of coal dust was performed according to the National Standards GB/T212-2008 and GB/T212-2001. The results are shown in Table 2 .
From Table 2 it is clear that: (1) for industrial analytical indicators, with the increase in metamorphic degree, the most prominent result is that the carbon content increases and the oxygen content decreases. There are certain variations in water content, ash content and volatile components in different types of coal. However, these differences are not signicantly correlated to the metamorphic degree. In contrast, the coal formation environment has a relatively large inuence on these differences: (2) regarding the elemental analysis indicator, with the increase in metamorphic degree, the most apparent changes are the increase in carbon content as well as the decrease in oxygen content. Variation of nitrogen and sulphur with changes in metamorphic degree is not evident.
The NMR experiment
The experiments were carried out using a BRUKER AVANCE III 500M solid nuclear magnetic resonance (NMR) spectrometer and a 4 mm solid H-X-Y triple-resonance probe was used. The dried coal dust samples were placed into ZrO 2 sampling tubes for future measurement. The test conditions were: a revolution speed of 5 kHz, the resonant frequency of a 13 C nucleus of 100.38 MHz, a sampling time of 0.0026 s, a delay time of 2 s and a scanning number of 10 240-20 480. The cross-polarization (CP) and Total Suppression of Sidebands (TOSS) techniques were applied. The contact period was 3000 ms and the spectrum width was 39.682 Hz. To avoid the mineral materials affecting the test results, samples were treated using a deliming process to suppress the ash content below 1%. In order to comprehensively understand the information of the carbon skeleton, NUTS 98 soware was utilized to t and integrate the 13 C CP/ MAS NMR spectra of all the test samples, as seen in Fig. 1 .
The XPS experiment
The XPS experimental analysis of coal dust was carried out using a Thermo Scientic ESCALAB250Xi multifunctional X-ray photoelectron spectrometer. The detailed experimental conditions were: an excitation source of monochromatic Al Ka X-rays with a power around 200 W. A beam of 500 mm in diameter was used and the sample was purged in a vacuum of 3 Â 10
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mbar. The electron binding energy was corrected using the C 1s peak (284.6 eV) for the contaminated carbon. To analyze the functional groups on the surface of the coal dust, the carbon elemental peaks that required analysis were scanned with high resolution in narrow regions to obtain more accurate information. By peak tting and related calculation, the types and ratio of the carbon-containing functional groups can be determined. The XPS spectra of the samples are shown in Fig. 2 and the peak diagrams from the carbon/oxygen spectra of the samples are shown in Fig. 3 and 4.
Wettability experiments
Studies show that the wettability of coal dust is closely related to its structure, surface properties, mineral composition and content. The wettability of coal dust is the theoretical foundation of the removal of dust using wet methods. Currently, the wettability of coal dust is mainly evaluated by measuring the contact angles of liquids on the coal dust surface and the speed that liquid penetrates the coal dust. A DSA100 optical dropshape analysis system is selected to measure the contact angles between the coal dust and distilled water. In addition, a downward penetration method is applied to measure the height that distilled water penetrates into the coal dust in 24 hours. The results are shown in Table 3 . Table 3 suggests that the wettability of coal dust continuously reduces with the increase in metamorphic degree. This variation in wettability has a certain relationship with the molecular structure of the coal dust itself. From the microscopic aspect of the functional groups, while the organic oxygen existing in the form of oxygen-containing functional groups enhances the hydrophilicity of coal dust, the relatively high carbon content contributes to the hydrophobicity of coal dust. A competition between these two factors governs the wettability of coal dust.
Experimental results and analysis
Analysis of the carbon structure of coal dust
Based on the peak tting of the 13 C CP/MAS NMR spectra of the above samples ( Fig. 1) , the carbon structural parameters of six kinds of coal dust are listed in Table 4 . An NMR spectrum of coal primarily consists of two parts: aliphatic carbon (0-90 ppm) and aryl carbon (90-165 ppm). Judging from Fig. 1 and Table 4 , it is clear that the NMR spectra vary with carbon rank. When the metamorphic degree increases, the fraction of aryl carbon increases. This indicates that the content of protonated carbon increases and the carbon content in the aromatic rings decreases. On the other hand, the fraction of aliphatic carbon in the coal structure continuously reduces, but each aliphatic carbon structure has certain distributions, all of which decrease with the increase in metamorphic degree. Overall, every structural parameter satises the rule of the recarburization and deoxygenation trend for the coal metamorphic effect.
The distribution of carbon in coal dust
To more directly observe the trend of how the carbon groups in coal dust change with the metamorphic degree, the peak areas of different types of carbon group in Fig. 1 are taken into consideration to calculate the percentage of each carbon- containing functional group in these six types of coal dust and the results are shown in Table 5 . From the analysis, it is found that aromatic groups (Ar-C, H) are the major carbon-containing functional group. In a total of 100 carbon atoms, the number of aromatic carbons (or aromatic hydrocarbons) is the highest. In lignite, there are 38.9 carbon atoms directly bonded to hydrogen atoms. This number continues to increase with the increase in metamorphic degree. For instance, in anthracite, the value is 91. Combined with the NMR structural parameters, the aromatic hydrocarbons not only increase the number of carbons with the increasing metamorphic degree. The aromatic rings will connect with each other to form aromatic condensed rings that are more extendable, which was reported in previous work.
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The rest of the carbon functional groups are divided into two categories: most of them exist in the form of aliphatic side chains, comprising methyl (CH 3 ) and methylidyne (CH 2 ); few exist in the form of oxygen-containing functional groups, including carboxyl (-COOH) and carbonyl (C]O) groups, ethers bonded to aromatic groups (Ar-O) and ethers bonded to aliphatic groups (R-O).
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The content of these two types of carbon group is related to each other to some extent in coal dust with different coal ranks: when the content of methyl (CH 3 ) and methylene (CH 2 ) is high, the content of aromatic and aliphatic ether bonds is also relatively high, and the number of carboxyl (-COOH) groups in the side chains is also high. These high amounts are primarily due to the fact that methyl, methylene, and carboxyl (-COOH) groups are mainly bonded to aromatic rings as terminal groups. However, the change in carbonyl (C]O) content with the increasing metamorphic degree is not apparent. The above analysis shows that the surface groups of coal dust correlate with each other as the metamorphic degree varies. With the increase or decrease in content of a group due to a change in the metamorphic degree, there is normally an accompanying change in the number of other groups. Furthermore, there is a certain similarity between the evolution of groups with metamorphic degree, and thus their evolution cannot be described as simply an increase or decrease in the content of the group. To discuss the variance of distance for all kinds of carbon group, the SPSS distance analysis method is adopted to evaluate the relationships between these groups using a similarity measure between related parameters, which yields an approximate matrix. Table 6 shows the similarity matrices regarding the distance analysis of variables for eight functional groups, namely, the Pearson correlation coefficient matrices, whose large values indicate a large correlation between these groups as well as more similar variance trends with the increasing metamorphic degree. The correlation coefficients of most variables are larger than 0.5, indicating a strong correlation. In Table 6 Table 4 , it is clear that the evolution of different carbon groups with the increasing metamorphic degree is a process of cluster increase/decrease. Since the content of aromatic carbon (Ar-C) is much higher than that of other types of carbon, it is separately monitored as an essential index to represent the evolution of the carbon functional groups in coal. In contrast, with the increasing metamorphic degree, the number of aromatic groups continuously increases and the content of carboxyl-carbon (-COOH), methylene carbon (CH 2 ) and ether carbon (Ar-O, R-O) simultaneously decreases. The reduction rate of carboxyl carbon (-COOH) is closest to the increase rate of aromatic hydrocarbon (Ar-C, H). The evolution of methyl carbon (CH 3 ) and carbonyl (C]O) carbon changes irregularly, which is different from the evolution laws of the other carbon groups.
The distribution of oxygen in coal dust
The types of oxygen-containing functional group on the surface of coal dust primarily consist of single bonded oxygen (ether Table 4 The carbon structure of six kinds of coal dust bond and hydroxyl), carbonyl groups and carboxyl groups. The relative population of carbonyl and carboxyl groups can be obtained from the XPS spectra to obtain the content of organic carbon in each of these two functional groups. However, limited by resolution, XPS cannot distinguish between the C-O of an ether bond (-O-) and of the hydroxyl group (-OH). Therefore, in order to obtain the relative percentages of ether (-O-) and hydroxyl (-OH) on the surface of the coal dust, comprehensive analysis of the carbon spectra and the oxygen spectra is required and the analytical results are shown in Table 7 . From Table 7 , it is clear that the oxygen-containing functional groups have huge differences when distributed on the surfaces of coals with different coal ranks, and there is a large amount of carboxyl (-COOH) and hydroxyl (-OH) on low ranked coals (lignite, long ame coal and gas coal). These two groups together cover up to 65.97%, 61.29% and 51.70%, respectively, of the oxygen-containing functional groups, exceeding half of the total amount of oxygen-containing functional groups. In lignite, long ame coal and gas coal, the content of carbonyl in the oxygen-containing functional groups is as low as 11.52%, 8.24% and 15.31%, respectively. With the increase in metamorphic degree, the amounts of carboxyl (-COOH) and hydroxyl (-OH) both decrease. However, the magnitude of the decrease is not large. For different low-ranked coals, the XPS results indicate that there are rich and highly active carboxyl (-COOH) and hydroxyl (-OH) groups and the percentage of carbonyl groups is the smallest, which is in accordance with the result from the classical chemical analysis.
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In medium-high metamorphic coals (fat coal, coking coal and anthracite), the ether (-O-) and carbonyl content increases gradually. Together they account for 62.31%, 73.93% and 80.79%, respectively, of the oxygen-containing functional groups, while the corresponding content of carboxyl (-COOH) and hydroxyl (-OH) reduces to values below 20%. In particular, the coverage of carboxyl (-COOH) on coal surfaces with a medium-high metamorphic degree is less than 15%, and is merely 6.19% in anthracite coal. In contrast, the low reactivity ether content reaches 51.41%, showing that it dominates. For medium-high ranked coals, the XPS results show that there is a large amount of low reactivity ether (-O-) and carbonyl (C]O) groups and the percentage of carboxyl (-COOH) groups is the smallest.
Analysis of the relationship between the carbon composition and the wettability of coal
Generally, the wettability of coal depends on the coal rank. With the increase in coal rank, the number of hydrophobic organic components increases, whereas the number of hydrophilic oxygen-containing functional groups decreases, leading to a reduction in the wettability. By using SPSS soware, the correlation between the microscopic molecular structure and wettability is analyzed in Table 8 . Six structures of f The specic relationships between the wettability and the above six carbon structures are shown as follows: (1) f 0 a continuously increases, f H al continuously decreases, long aliphatic carbon chains break and condense to form aromatic rings, the aromatization degree of the coal becomes higher and the hydrophobicity increases; (2) f H a continuously increases, making aryl carbons more and more concentrated in protonated carbons and the functional groups on the aromatic rings reduce, which is disadvantageous to the hydrophilicity; (3) the increase of the f B a content also demonstrates the change of the aromatic structure, namely, aromatic rings join to form condensed aromatic fused rings, reducing the adsorption of water; (4) f P a and f O al largely decrease and the content of oxygenrelated functional groups continuously reduces, thus reducing the hydrophilicity. J. Wang et al. 31 studied the inuence of the coal structure on its pyrolysis. They found that the pyrolysis process mainly involves the decomposition of hydrogencontaining groups and a decrease in the number of oxygengroups at high temperatures. Therefore, the decrease in the number of these groups will directly affect the chemical properties of coals.
The wettability characteristics and NMR tests prove that with the increase in metamorphic degree, the factors inuencing the wettability vary and the wettability of coal reduces. To explore the interaction mechanism between the change of inuencing factors and wettability, the gradients of six characteristic structural parameters with coal ranks are compared, as shown in Table 9 . From Table 9 , it can be seen that the gradient of each parameter is most signicant when lignite evolves into low-rank bituminous coal and when bitumite evolves into anthracite, because the peak values of the parameter gradients all appear in these two stages. This conclusion was also drawn by Y. Qin et al. 32 Therefore, lignite and anthracite have relatively large differences in wettability compared to other types of coal.
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During the evolution stage of bituminous coal with a low metamorphic degree (long ame coal / gas coal), the gradients of the related parameters of aryl carbon structures (f With the increase in the coal dust metamorphic degree, until the evolution stage of bitumite with a medium metamorphic degree (gas coal / fat coal), the amplitude of variation concerning aliphatic carbon structures signicantly increases, and at this time, f P a greatly decreases, indicating that the aryl side chains continue to decrease and the oxygen-containing functional groups also reduce signicantly. During the stage from fat coal / coking coal, each parameter still increases or decreases at a certain rate of change, aromatic rings are further condensed to form macromolecular polynuclear aromatic hydrocarbons and oxygen-containing functional groups continue to fall off.
From the above evolution law of these parameters, the microscopic mechanism causing coals of various ranks to have different wettabilities could be proposed. Low rank coals have a high percentage of polar groups, which make the structures simple, thus they have the best wettability. During metamorphic evolution, aliphatic carbon condenses to form aromatic rings and thus the aromatic carbon abundance increases whereas the oxygen-containing groups are almost intact. In this case, the reduction of wettability should be caused by aromatic carbon. The aromatic rings then continue to condense by dropping most of their oxygen-containing groups, thus leading to a poor wettability. In the highest metamorphic stage, all the oxygen-containing groups fall off and the aromatic rings present the highest condensation degree and lowest activity, which results in the worst wettability.
3.5. The inuence of carbon-and oxygen-containing group evolution on the wettability of coal dust 3.5.1 The effect of surface carbon-and oxygen-containing groups on wettability. Based on the contact angle tests, the effect of surface carbon-and oxygen-containing groups on wettability is shown in Fig. 5 .
Judging from the carbon curves in Fig. 5 , the wettability of coal dust is sensitive to the content of aromatic carbon (Ar-C, H), methylene (CH 2 ) and ether carbon (Ar-O, R-O). Generally, with the upgrading of coal rank, the population of aromatic carbon increases, that of methylene decreases and the wettability also reduces. Other carbon-containing groups have no signicant variation trend with changes of coal rank.
On the other hand, the oxygen curves in Fig. 5 indicate that the wettability of coals is greatly inuenced by the polar oxygencontaining groups (carboxyl and hydroxyl). As the coal rank increases, the polar oxygen groups gradually disappear, leading to an increase in contact angle which indicates a decrease in wettability. At the same time, there is no obvious variation trend of carbonyl and ether-based oxygen with less of a change in contact angle. Therefore it is not possible to deduce the relationship between these two variables.
3.5.2 Quantitative analysis of the effect of surface carbonand oxygen-containing groups on wettability. Taking into consideration the wetting measurement of coals, the correlation between each functional group and the wettability (contact angle) of coal is preliminarily determined by a simple linear regression analysis between the carbon/oxygen-containing groups and the wettability (contact angle) in Tables 10 and 11 . By analyzing the inuence of the evolution of carbon and oxygen groups on the wettability of coal dust, the carbonyl (C] O) carbon is found not to correlate with the wettability. a Note: LFC -long ame coal; GC -gas coal; FC -fat coal; and CC -coking coal.
Conclusions
NMR experiments revealed that as the coal rank increases the number of aromatic carbons increases whereas the number of alkyl carbons decreases. Among them, aromatic carbon (Ar-C, H), carboxyl carbon (-COOH), methylene carbon (CH 2 ) and ether carbon (Ar-O, R-O) have similar variation trends. The latter three all decrease when the number of aromatic carbons (Ar-C, H) increases. The XPS spectra indicate that the number of carboxyl and hydroxyl groups gradually decreases when the coal rank increases. The less active ether (-O-) and carbonyl (C]O) groups dominate in the highly ranked coals. From the evolution of structural parameters, the number of hydrophobic organic components increases and the number of hydrophilic oxygencontaining groups decreases, leading to a rather poor wettability. Qualitatively, low ranked coals have a better wettability because of their abundant oxygen-containing groups and simple aromatic groups. As the ranking increases, the aromatic rings gradually condense and the oxygen-containing groups fall off, leading to a poor wettability. Quantitatively, unitary linear recursive analysis shows that aromatic carbon (Ar-C, H) and hydroxyl oxygen (-OH) have the strongest relationship with the wettability (contact angle), as indicated by a correlation coefficient as high as 0.98. Unexpectedly, methylene (CH 2 ) and ether carbons (Ar-O, R-O), as major factors inuencing the wettability of coal dusts, possess correlation coefficients of 0.95 and 0.97 towards the wettability, respectively.
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